NAD-linked alcohol dehydrogenase activity was detected in cell-free crude extracts from various propane-grown bacteria. Two NAD-linked alcohol dehydrogenases, one which preferred primary alcohols (alcohol dehydrogenase I) and another which preferred secondary alcohols (alcohol dehydrogenase II), were found in propane-grown Pseudomonas fluorescens NRRL B-1244 and were separated from each other by DEAE-cellulose column chromatography. The properties of alcohol dehydrogenase I resembled those of well-known primary alcohol dehydrogenases. Alcohol dehydrogenase II was purified 46-fold; it was homogeneous as judged by acrylamide gel electrophoresis. The molecular weight of this secondary alcohol dehydrogenase is 144,500; it consisted of four subunits per molecule of enzyme protein. It oxidized secondary alcohols, notably, 2-propanol, 2-butanol, and 2-pentanol. Primary alcohols and diols were also oxidized, but at a lower rate. Alcohols with more than six carbon atoms were not oxidized. The pH and temperature optima for secondary alcohol dehydrogenase activity were 8 to 9 and 60 to 70°C, respectively. The activation energy calculated from an Arrhenius plot was 8.2 kcal (ca. 34 kJ). The Km values at 25°C, pH 7.0, were 8.2 x 10-6 M for NAD and 8.5 x 10-5 M for 2-propanol. The secondary alcohol dehydrogenase activity was inhibited by strong thiol reagents and strong metal-chelating agents such as 4-hydroxymercuribenzoate, 5,5'-dithiobis(2-nitrobenzoic acid), 5-nitro-8-hydroxyquinoline, and 1,10-phenanthroline. The enzyme oxidized the stereoisomers of 2-butanol at an equal rate. Alcohol dehydrogenase II had good thermal stability and the ability to catalyze reactions at high temperature (85°C). It appears to have properties distinct from those of previously described primary and secondary alcohol dehydrogenases.
NAD-dependent primary alcohol dehydrogenase from liver and baker's yeast have been well studied (4) . These enzymes preferentially oxidize primary alcohols, with a lower rate for oxidation of secondary alcohols (about 10% of their ethanol activity). NAD(P)-dependent primary alcohol dehydrogenases were also reported in Pseudomonas sp. (23, 29) , Escherichia coli (10), Leuconostoc sp. (11) , and Rhizopusjaponicus (30) . However, these enzymes were active only toward short-chain primary alcohols (30) , long-chain primary alcohols (10, 11, 29) , or longchain hydroxy fatty acids, with some activity on medium-chain-length secondary alcohols containing a hydroxy group at the center of the carbon chain (23) . NAD-Linked secondary alcohol-specific alcohol dehydrogenase was identified and purified from microbes grown on either methane or methanol (14, 16, 17) . Recently, alcohol dehydrogenase with a noticeable preference for secondary alcohols was also reported from Comamonas terrigena (2) and from Thermoanaerobium sp. (6, 20) grown on carbohydrates.
The oxidation of propane by propane-grown Mycobacterium vaccae was proposed to be via subterminal oxidation (25) . The accumulation of acetone was observed when th'e culture was grown on propane. Oxidation of propane via terminal oxidation was also reported (7) . However, the alcohol dehydrogenase (11) responsible for the oxidation of 1-propanol or 2-propanol or both in propane-grown bacteria has not been studied.
In the course of our continuing studies on microbial oxidation of gaseous hydrocarbons (12, 13, 15) , we have isolated many C2 to C4 alkane-utilizing bacteria and have studied their ability to oxidize gaseous alkenes and gaseous alkanes. We found that propane-grown bacteria oxidized propane to both 1-propanol and 2-propanol (1Sa). In this paper, we describe the existence of two NAD-linked alcohol dehydrogenases, one which showed a preference for primary alcohols (alcohol dehydrogenase I) and another which showed preference for secondary alcohols (alcohol dehydrogenase II), in propanegrown Pseudomonasfluorescens NRRL B:1224.
The secondary alcohol dehydrogenase was subsequently purified to homogeneity. This enzyme exhibited high thermostability and had a very broad substrate range. Purification and characterization of this secondary alcohol dehydrogenase are described. (21) . The product, acetone, was identified by gas chromatography as described previously (17) . The stoichiometry for the consumption of 2-propanol, the formation of acetone, and the reduction of NAD was also established.
MATERIALS AND METHODS
Acrylamide gel electrophoresis. Acrylamide gel electrophoresis was conducted in 7.5% gel; gels were stained with both Coomassie brilliant blue (26) VOL. 46, 1983 addition to primary alcohols. Also, cell-free extracts from 2-propanol-grown cells can oxidize primary alcohols, indicating that the alcohol dehydrogenase activity is constitutive. To determine whether a single alcohol dehydrogenase catalyzes the oxidation of both primary and secondary alcohols, the dehydrogenase activity in the crude extract was subjected to purification. Purification of the enzyme(s). All steps were performed at 4°C. Unless otherwise stated, the buffer solution was 0.05 M sodium phosphate (pH 7.0) containing 5 mM dithiothreitol (DTT). The centrifugations were at 10,000 x g for 20 min.
(i) Step 1. Crude Extract. Frozen cells (600 g, wet weight) were thawed and suspended in 1 liter of buffer solution. Cell suspensions were disintegrated by two passages through a French pressure cell (American Instruments Co., Silver Springs, Md.) at 20,000 lb/in2. The disintegrated cell suspension was centrifuged to remove cell debris. Glycerol was added to this crude extract to a final concentration of 5%.
(ii)
Step 2. Fractionation with ammonium sulfate. To the crude extract obtained in step 1, ammonium sulfate was added to 30% saturation. The precipitate formed was centrifuged and discarded. Additional ammonium sulfate was added to the supernatant to 60% saturation. The pH of the solution was continuously adjusted to 7.0 with ammonium hydroxide solution. The precipitate formed was removed by centrifugation and dissolved in a small amount of buffer. This fraction, containing both primary and secondary alcohol dehydrogenase activities, was dialyzed overnight against 0.005 M sodium phosphate buffer (pH 7.0) containing 5 mM DTT and 5% glycerol.
(iii) Step 3. DEAE-cellulose column chromatography. The dialyzed fraction prepared in step 2 was applied to a DEAE-cellulose column which had been equilibrated with 0.005 M sodium phosphate buffer (pH 7.0) containing 5 mM DTT and 5% glycerol. The column was washed with 600 ml of 0.05 M phosphate buffer (pH 7.0) containing 5 mM DTT and 5% glycerol and then was eluted by a linear gradient of 0 to 0.3 M NaCl in the same buffer. Alcohol dehydrogenase activity was separated into two fractions (Fig.  1) . One, with an activity preference for primary alcohols (alcohol dehydrogenase I), eluted at about 0.25 M NaCl; another eluted at 0.5 M NaCl and had an activity preference for secondary alcohols (alcohol dehydrogenase II against the buffer solution. Properties of alcohol dehydrogenase I resembled those of well-known alcohol dehydrogenases (4) . Therefore, this fraction was not further studied.
(iv)
Step 4. Bio-Gel A-1.5 m column chromatography. The alcohol dehydrogenase II activity fraction was subjected to further purification. A 2-ml sample of the dialyzed active fraction prepared in step 3 was applied to a Bio-Gel A-1.5 m column (25-mm diameter by 100 cm long) which had been equilibrated with the buffer solution. Each 2-ml fraction was collected. Alcohol dehydrogenase II activity was eluted from tubes 135 to 150, with a peak at tube 142. The alcohol dehydrogenase II activity fractions were combined. Glycerol was added to a final concentration of 5%. The solution was then concentrated in an Amicon ultrafiltration unit with an XM 50 membrane.
(v)
Step 5. Affi-Gel Blue chromatography. The concentrated solution from step 4 was applied to an Affi-Gel Blue affinity chromatography column (0.8 by 18 cm) which had been equilibrated with the buffer solution containing 5 mM DTT. The column was washed with 150 ml of the same buffer solution and then was eluted with the same buffer solution containing 5 mM NAD. Each 1-ml fraction was collected. Secondary alcohol dehydrogenase activity was located in tubes 10 to 15. A summary of the purification steps is given in Table 2 .
Purity and molecular weight. The purified enzyme fraction obtained from step 5 exhibited a single protein band in polyacrylamide gel electrophoresis (Fig. 2) . The molecular weight of the alcohol dehydrogenase II estimated by calibrated Bio-Gel A-1.5m column chromatography was 144,500. Electrophoresis in polyacrylamide gel Table 3) . The enzyme showed a broad substrate specificity, active on shortchain 2-alcohols, aldehydes, 1-alcohols, and some diols, with the highest activity for 2-butanol. Branched-chain alcohols and cyclic and aromatic alcohols were also oxidized, but at a lower rate.
NADP also served as cofactor for alcohol dehydrogenase II activity with an efficiency about 50% of that for NAD. The reduction of acetone to 2-propanol by this enzyme in the presence of NADH (the reverse reaction) was also noted. The activity was about 20% of the forward reaction.
The enzyme showed no stereospecificity preference; both (+)2-butanol and (-)2-butanol were oxidized at equal rates (Table 3) . 46, 1983 pH profiles. The effect of pH on the alcohol dehydrogenase II activity was studied in the pH range 5 to 10 with 0.05 M buffer solutions (sodium phosphate, pH 5 to 8; Tris-hydrochloride, pH 8 to 10). Enzyme activity was measured at 25°C according to the method described in Materials and Methods, using 5 ,ug of enzyme. The optimum pH for enzyme activity was found to be around 7 to 9 (Fig. 3) .
Effect of temperature. The effect of temperature on alcohol dehydrogenase II activity was determined in phosphate buffer (pH 7.0), because the pH of this buffer is not drastically altered by changes in temperature. The reaction mixture was preincubated in the presence of enzyme at the indicated temperature for 5 min, and then the reaction was started by the addition of substrate (2-propanol) at the same temperature. The optimum temperature for this dehydrogenase-catalyzed reaction was rather high (60 to 70°C) (Fig. 4) . The enzyme also showed activity at a temperature as high as 90°C. The activation energy for alcohol dehydrogenase II as calculated from Arrhenius plots of velocity versus the reciprocal of the absolute temperature is 8.2 kcal (ca. 34 kJ; Fig. 4, insert) .
The thermostability of this NAD-linked alcohol dehydrogenase II is shown in Fig. 5 . These experiments were conducted with dilute enzyme solution (300 jig/ml) in the presence of air and without the addition of a thiol-protecting agent. stability toward heating at 85°C, but it was deactivated sharply at 92°C and was denatured on boiling. Enzyme thermostability and activity were not altered by freezing and thawing.
Michaelis constants. The effect of NAD and 2-propanol concentrations on the enzyme activity was studied at 25°C in 0.05 M sodium phosphate buffer (pH 7.0). 2-Propanol was kept at the saturated level (6.6 mM) for determination of the Km for NAD, and NAD was kept at the saturated level (1 mM) for determination of the Km for 2-propanol. The Km values calculated from Lineweaver-Burk plots were 8.2 x 10-6 M for NAD and 8.5 x 10-5 M for 2-propanol. The alcohol dehydrogenase II from propanegrown P. fluorescens was purified to homogeneity. The general properties of this enzyme are similar to those of described alcohol dehydrogenases. The enzyme was inactivated by thiol reagents such as 4-hydroxymercuribenzoate, which suggests that it contains an essential thiol TIME (MIN) group, and this is in accord with known alcohol 5. Thermal stability of alcohol dehydrogenase dehydrogenases (4, 14) . The indication that Zn2+ propane-grown P. fluorescens NRRL B-1244. ions are involved in the enzyme-active site are enzyme (0.5 mg of protein per ml of 0.05 M not conclusive and need further study. The phosphate buffer, pH 7.0) was heated for the metal ions in the active site of the P. fluorescens d at the temperature indicated. Portions of the enzyme must be very tightly bound, because solution were removed and assayed for 2-enzyme activity was not significantly decreased DI dehydrogenating activity at room tempera-at 85°C in the presence of EDTA (an effective zording to the method described in the text.
Zn21 chelator). Therefore, the P. fluorescens enzyme appears more stable than other described alcohol dehydrogenases and is similar in bition studies. The effects of metal-chelat-stability to an NADP-linked alcohol-aldehyde/ ,nts and thiol reagents on the activity of ketone oxidoreductase obtained from an anaer-4 dehydrogenase II were studied. Results obe, Thermoaerobium brockii (20) . Own in Table 4 . The activity of alcohol
The alcohol dehydrogenase II from P. fluoresrogenase II was inhibited by strong thiol cens had a broad substrate specificity. It oxits such as 4-hydroxymercuribenzoate, dized short-chain alcohols or aldehydes in the thiobis (2-nitrobenzoic acid), and 5-nitro-following order: secondary alcohols, diols, prioxyquinoline. Metal-chelating agents, ex-mary alcohols, and aldehydes. Compounds with ,10-phenanthroline, at 1 mM concentra-more than six carbons were not oxidized. This is did not inhibit the enzyme activity. different from the alcohol dehydrogenases of ver, the enzyme activity was inhibited in Comamonas sp. (1, 2) which are more active the presence of mercuric ion.
The activity of alcohol dehydrogenase II was not inhibited at high alcohol concentration (up to 400 mM 2-butanol). The enzyme still showed 40 and 30%, respectively, of its original activity in 0.9 and 1.1 M 2-butanol solutions. DISCUSSION P. fluorescens NRRL B-1244 can grow on propane, 1-propanol, and 2-propanol, indicating that propane is metabolized by this strain through both terminal and subterminal oxidation. Two NAD-linked alcohol dehydrogenases, one exhibiting preference for primary alcohols and the other exhibiting preference for secondary alcohols, were detected in propane-grown P.
fluorescens NRRL B-1244. These two enzymes were separated from each other by DEAEcellulose column chromatography. The existence of two alcohol dehydrogenases in one microbial culture was also reported in methanolgrown yeasts (18) and in C. terrigena (1, 2) . In methanol-grown yeasts, certain NAD-linked secondary alcohol dehydrogenases recognized only secondary alcohols and oxidized preferentially the (-)-enantiomer of 2-butanol. The fol- (3) . Two distinct NAD-dependent alcohol dehydrogenases detected in C. terrigena oxidized both secondary and primary alcohols (1, 2) . However, NAD-linked alcohol dehydrogenases specific for secondary alcohols were also reported from methylotrophic bacteria and yeast (14, 16, 24) . It is interesting that the P. fluorescens enzyme failed to reduce aldehydes or ketones to alcohols in the presence of NADH, the reverse reaction. Another unusual feature of this enzyme is its ability to oxidize both (+) and (-) isomers of 2-butanol at the same rate. This is different from most of the known alcohol dehydrogenases. Secondary alcohol dehydrogenases obtained from methylotrophic bacteria and yeasts oxidize preferentially the (-) isomer of 2-butanol (14, 16, 18, 24) . Alcohol dehydrogenase from horse liver oxidizes preferentially the (+) isomer (8) , whereas alcohol dehydrogenase from baker's yeast oxidizes only the (+) form (9) .
The thermal stability and the ability to catalyze reactions at high temperature of the NADlinked alcohol dehydrogenase II from propanegrown P. fluorescens are quite unusual. Alcohol dehydrogenases in general are relatively temperature-labile enzymes. Yeast alcohol dehydrogenase is somewhat unstable even at 25°C (28) , and commercial use of horse liver alcohol dehydrogenase is not recommended above 30°C because 60% of activity is lost on heating at 43°C for 50 min (19) . The propane-grown Pseudomonas sp. enzyme had an optimum temperature for its activity of around 60 to 70°C. The enzyme also showed activity at a temperature as high as 90°C. It displayed good thermal stability toward heating at 85°C, but it was denatured rapidly on boiling. The thermostability of NAD-linked secondary alcohol dehydrogenase from propanegrown Pseudomonas sp. is comparable to that of an NADP-linked alcohol-aldehyde/ketone oxidoreductase from an anaerobic thermophile, T. brockii (20) , and that of malate dehydrogenase and isocitrate dehydrogenase from Thermusflavus (27) . However, this Pseudomonas sp. enzyme is the first thermostable alcohol dehydrogenase reported from an aerobic mesophile. The high activity and thermostability, together with the enzyme's broad specificity, suggest that this enzyme may have industrial, synthetic, and analytical uses not common to previously described alcohol dehydrogenases.
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